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Addition of Cover Crops Enhances No-Till Potential
for Improving Soil Physical Properties
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Inciarion of cover crops ICCi mar be a potential strategy to boort no-till performance liv nnprovmg soil phssical
properties. To assest rhO potenttal. we utaecsI a wtntcr wh it,Tracc;,m Certain L. --gra;n rotghiiin ;25i0bum
buolor (C) Mocnch] rotation four N rates, and a hairy retch )I-IV; Cod railroad Roth] CC alter wheat during
the f(rst rotation cycles, which was replaced in subsequent cycles with sunn hemp (SI-I; (}stz1arOz(raicea L( and
late-maturmg soihean ]LMS; (ilvcine m.i.t (L) Meet] CCs in no-till on a ,dt loam. Ar the end of 15 cr we stud
ed the cumulative impactr o CC on soil physical properties md assessed relationships between soil properties
msi soil organ;c C 0C concentration. Acwss N tates. SI-I reduced near-surtace hulk density % hr and
increased cumulative inflltrarion by thtee times relative to no-CC plots. Without N application, SH and I-MS
reduced Proctor maximum 0b’ aparamererofsoii compactibility. by 5%, indicatingthat soils underCCs maybe less
susceptible to compaction. Cover crops also increased mean weight diameter of aggregates (M’DA) by 80% in
thc 0- to7S-cm depth. The SOC concentration u-as iO% greater Cr51-I and 20% greater Cr1-MS than for no-CC
plots in the 0- to 5-cm depth. The CC ‘induced increase in SOC concentration was negatively correlated with
Proctor maximum Pp and positively with MWI)A amid cumulative inhltracion, Overall, addition ofCCs to no-till
systems improscd sod physical properties, and the CC-induced change in SOC conccmtrrariomm was correlated with
soil physical properties.

Abbreviations CC, cover crop; H’., hairy retch; MWDA, mean weight diameter of aggregates; SH,
hemp; LMS. iare—ni.mturing soybean; SOC. soil organic carbomt.

Cover crops are receiving increased attention for their ability to enhance
the multifunctionality of cropping systems, particularly in no-till farming.

Specifically, the addition of CCs to no-till systems may be a strategy to enhance
the performance of no-till technology. In some soils, the potential of no-till for im
proving soil properties and increasing the SOC concentration may be limited due
to reduced residue input, such as in corn (Zea maya L.)—soybean and crop—fallow
rotations (Zhu et al., 1989; Peterson and Westfall, 2004) or residue removal for
off-farm uses (Karlen et al, 2009). Because CCs provide additional biomass input,
the inclusion ofCCs in no—till cropping systems can provide additional bene6ts to
protect the soil from water and wind erosion, improve soil physical, chemical, and
biological properties, increase SOC concentration, and sustain crop production
(Fronning ct al., 2008). There is an emerging interest in removing crop residues for
ccllulosic ethanol production (Karlcn et xl., 2009; Regalbuto, 2009; Tilman et xl.,
2009). By adding residues, CCs may ameliorate some of the adverse impacts that
crop residue removal may have on soil and water conservation and soil productivity.

The impact of CCs on soil physical properties is inconsistent (Keisling et al.
199-i; Dabrscv eta1., 2001; Kasparet xl., 2001; Villamil etal., 2006; Fronninget al.,
2008: Mohiru .snd Coy-ne. 2009). Some studies have [clond significant changes in
soil physical properties under CCs. C)n .s sandy loam md loam. oat C Im’meaa Sofia

I..), HV brome (Bromus inermis Leyss;;, and strawberry clover Irt/o1ium/bagfrum
L) under conventional tillage reduced soil penetration resistance and increased
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cumulative infiltration after 5 yr of management (Folorunso et
a!.. 1992), On a silt loam and loam, rye 5Secale cereale L.), HV
and crimson clover (ui/b/mm nicarnatum F.) reduced p1 and
increased the saturated hydraulic conductivity (K,) and water
holdingcapacitv after 1’ yr of management (Keislinget al., 1 99-i).

On a silt loam, rye and HV in no-till corn—soybean rotations in
creased soil aggregate stability, total porosity, and plant-available
water, while it reduced p, and penetratIon resistance, although

unaffected, compared with plots without CCs after -1 yr

of management Villamil etal., 2006.
Other studies have found little or no effects of CCs on soil

physical properties. On a sandy loam, HV and winter wheat in
no-till corn had no eflect on Ph’ porosity, or K(5 after 3 yr of
management (Wagger and Denton, 1989), On a loam, rye and
oat in no-till soybean did not affect Pb and had mixed impacts
on water infiltration and soil water content during a 3-yr study
(Kaspar etal., 2001) On a sandy loam, rye, HV, and crimson clo
ver under conventional tillage did not affect MWDA after 4 yr of
management (Sainju et al., 2003). Similarly, on a loam, red fescue
(Jstuca rubra L.), bird’s-foot trefoil (Lotus corniculatus F.), and
alfalfa (iviedicago sativa F.) in no-till, after 2 yr of management,
had no effects on soil hydraulic conductivity although macro-
porosity was improved (Carofet a!., 2007). After 3 yr, crimson
clover and HV increased wet aggregate stability on a sandy clay
loam under conventional tillage but had no effects on a clay
loam (McVay et al., 1989), The same study showed that HV in
creased water infiltration in both soils. In a 2-yr study, Mubiru
and Coyne (2009) found no dithrences in Ph among four CCs
including mucuna IiIucunapruriens (F.) DC. var. utilis (‘X”all. cx
Wight) Baker cx Burek], Doliehos lablab (La/dab r’u&aris Savi,
cv. Rongai), canavalia [Ganara/ia ensi/brmis (L) DC.], and cr0-
talaria (Grotalariapaulina Sehrank) when planted into fallow in
degraded sandy clay, sandy loam, and loamy sand.

This literature review indicates that the impact of CCs on
soil physical properties can be variable. Cover crop impacts may
depend on the type of CC, type of soil, tillage and cropping sys
tem, management history, and climate. The literature also indi
cates that most of the previous studies on CCs in relation to soil
physical properties were short term (<5 yr). Further assessment
of ti-ic soil response to no-till CCs under long-term experiments
for different soils and climatic conditions is warranted to bet
ter understand the impacts of CCs. Specifically, the extent to
which the inclusion ofSH and LMS in long—term no—till systems
.slters soil physical properties has not been widely documented
Martins ct al.. 2009).

The additional input of above- and belowground biomass

from CCs can increase the SOC concentration (Keisling et a!.,
199-i; Dabncv etal., 2001; Reddv et .il.. 2003; Sainju etal,, 2003:
Villanul et al., 2006: Martins et al., 2009). [his increase in SOC
concentration may improve soil physical properties. Some stud
ies have indicated, however, that CCs may not always increase
SOC concentration Mcndes et al.. 1999; Fronning et al., 2008:
Mubiru and Coyne, 2009). The influence of CCs on soil physical
properties may depend on whethcr CCs increase the SOC con-

ccntration, Studies assessing the rclationships between soil phvsi
cal properties and SOC concentration under crop rotations have
fiund mixed results. In the central Great Plains, Benjamin et al.

2008) found that an increase in SOC with diverse crop rotations
was poorly correlated with soil physical properties. Similar stud
ies assessing the magnitude of the influence of CC-induced SC
increase on soil physical properties arc needed. ‘Ihus. the objective
of this study was to quantify I 5-yr cumulative impacts 0f no-till
CCs on soil physical properties and to study the relationships
between CC-induced changes in SOC concentration and the
physical properties of an Argiustoll in south-central Kansas. The
hypotheses for the study were: (i) CCs would have a significant
effect on soil physical and hydraulic properties, and (ii) the CC-
induced changes in SOC concentration would be strongly associ
ated with changes in soil physical and hydraulic properties.

MATERJAL.S AND METHODS
This study was conducted on a long-term experiment of CCs at

Hesston, KS, that was established in 1995. The experiment was on a

Geary silt loam (a fine-silty, mixed. superactive, mesic Udic Argiustoll)

with a <3% slope. This soil is deep and moderately well drained, with

some risks of runoff The mean annual precipitation for the study region

is 87-i mm and the mean annual temperature is 1—i4”C.

The experiment svas a randomized complete block design consist
ing of 12 treatments in quadruplicate resulting from a factorial combi

nation of three treatments of CCs ,ind four N rates. It thus had a total

oF48 plots, each 6 by 13.5 m. The tre.itinents were evaluated in a winter

wheat—grain sorghum rotation. In all years, wheat was no-till planted

into grain sorghum stubble in the fill and harvested in June of the next

year. The CC treatments were imposed after wheat, and grain sorghum

planted in June of the follosving year.

Ihe CC treatments were changed during the course of this long’
term experiment, as shosvn in Table 1. Hairy vetch was used as a winter

CC between 1995 and 2000. while two summer CCs, SH and I.MS,

were used between 2002 and 2008. Between 1995 and 1996, a no-CC

rotation was compared with two rotations in which HV was planted in
the fall and terminated either early (May) or late (June) using reduced
tillage (Table 1). Between 1997 .snd 2000, the no-CC rotation was
compared with two rotations in which HV was terminated either by
reduced tiflage or by herbicide (no-till).

Beginning in 2002, the two Ii’s rotations or treatments were re
placed with two summer CCs, SF1 and LMS. In other words, LMS and
SH were assigned to plots where [-IV had been grown, and the remain
ing plots retamncd the no-CC tru.ltnmrnr. [he existing facrotial .srrangc_

ment of\ rates was also ret.sined. md thus thc treatment substitutions
were accomplished without changing the number of treatments, plots.
or replications. ihe summer (Cs were planted shortly after wheat h.ir
vest in summer and terminated in September or October. These plots, as

well is the no-CC treatment. svere managed under no-till. \Vlwar under
no—till was grown without terrilizer across all plots in the transition ear
between 2000 and 2002.

The HV was seeded in mid-September or early October in
rows spaced at 20 em, Volsinti-er wheat and winter annual grasses
were controlled in HV with tlumzifop-I’-butyl [butyl (2R)-2-[i-- (5-
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(trifluoromcthyl)-2-pyridinyl]oxy]phenoxy]propanoate]. In no-till
LIV plots, glyphosate iV-(phosphonomethvl)glycine] alone or with
2.4-D f(2,4-clichlorophenoxv) acetic acid] or dicamba (3,6-dichloro-
2-methoxvhcnzoic acid or both were used to control CCs and weeds

between crops. For the summer CCs, LMS and SH were planted in rows
spaced at 20 cm and terminated in the fall with a crop roller followed by
herbicide application. The SH and LMS were last grown in the summer
of 2008 followed by grain sorghum in 2009 (Table 1).

Grain sorghum was planted in the corresponding years at a rate of
103,780 seeds ha at ‘fi-cm row spacing. Plots received 18 kg P ha1
as triple superphosphate (0—46—0 N—P,05—K,O) at sorghum planting.

Nitrogen was broadcast before planting (1996—2000) as ammonium ni
trate (34—0—0 N—P205—K20)or injected after planting (2003—2009)

as urea-ammonium nitrate (28—0—0 N—P205—K20)at 25 em from

the row in the corresponding plots at the rates specified above. Atrazine
(6-ehloro-N’ethyl-N’-(l -methvlethyl)- 1,3,5-triazine.2,4-diamine) plus
merolachior f2’chloro-N-(2-ethvl-6-mcthylphenvl)-N-(2-methoxv-1-

merhylethvl)acetamidcj provided pre-emergence weed control in grain
sorghum. Wheat was planted at a rate of 100 kg ha1 at 20-cm row spac
ing. Plots received 17 kg P ha1 at wheat planting, and N svas broad
cast before planting as ammonium nitrate (34—0—0 N—P205—K20)in
all years except 2008, when urea (46—0—0 N—P205—K20)was utilized.
In this CC experiment, CC abovcground residues were not haved or re
moved for off-farm uses, For this study, data on CC residue produced
for the last three CC rotation cycles 2004. 2006, and 2008) were ana
lyzed to explain any differences in soil properties among CC treatments.

Further information on the CC abovegrourid residue production for this
experiment was discussed by Claasssor (2009),

Field measurements and soil sampling were conducted in early

spring 2010 in nontrat+icked rows. Pencrr.stion resistance was measured,

in triplicate within the same plot, for the 0— to 4-. 4- to 8-. 8- to 12-. and
12- to 20-cm soil depths by a static hand cone penetromcter (Lowetv
and Morrison, 2002). The diameter of the cone base was 2 cm and the
angle was 305, Volumetric water content was determined for the same
soil depths as for penetration resistance using lime domain reflecrome
try (Field Scout TDR 300 son moisture meter, Spectrum ‘Technologies,
Plainlield, IL; Topp and 1-erre, 2002. Because penetration resistance,
as expected, was significantly correlated svith ditlcrenccs m soil water

content among CC treatments, the data on penetration resistance were

adjusted to eliminate their dependence on soil water content. Several
approaches were studied (Yàsin et xl., 1993), hut the ratio ofexponential
functions proposed hy Busscher et xl. (199”] and Busschcr and Bauer

(2003) fit our data for all treatments. After adjustment, the correlation

between penetration resistance and soil water content was not signifi

cant. For example, before adjustment, penetration resistance was cor
related (r2 = 0.31, P < 0.01) with water content, but, after adjustment,
it was not correlated (r2 = 0.02, p > 0.10) for the 0- to 4-em depth.
Treatment effects arc thus discussed based on the adjusted data, Details

on the procedure for the adjustment of the penetration resistance data
were given by Blanco’Canqui et xl. (2006). It is important to recognize

the difficulty, however, in correcting the dependence of penetration re
sistance on soil water content because, at this point, no universal correc
tive equation or model exists (Yasin et xl., 1993; Busseher et xl., 1997;
Busscher and Bauer, 2003).

Soil temperature was measured using a digital thermometer in
triplicate within each treatment plot at 4-, 8-, 12-, and 21)-cm depths be
tween 1200 and 1400 h. Water infiltration was measured using double-
ring infiltrometers under constant head for 3 h (Reynolds et xl., 2002).

The diameter of the inner ring was 15 cm. while the diameter of the
outer ring was 27cm. Earthworms contained in 0.2- by 0.2. m soil blocks
excavated with a spade were carefully hand sorted and counted in each
plot. Infiltration measurements and earthworm counts were made only
for plots receiving 60 kg N ha’t because this rate of N application is
typical for the wheat_sorghum rotations in the region.

Bulk and intact soil core (7.5 cm in diameter by 7.3 cm tall) sam

ples were collected from the 0- to 7.5- and 7.5- to 15-cm depths from

all the CC and N-rate treatments. Bulk samples were used for the de
termination ofw’er aggrezate srahilirv, Proctor t. and SOC concentra
tion. svhilc the intact soil cores were used for the determination ofK0,,
soil water retention, and i;. Bulk samples were air dried, gently crushed.

and passed through 2-, 4.75-, and 8-mm sieses. A fraction of each bulk
soil sample was crushed, ground, and passed through a 250-gm sieve
to determine the SOC concentration by the dry combustion method

(Nelson and Sommers, 1996). 5X’et aggregate stability was determined
by the wer.sieving method for the 4.5- to 8-mm air-dry aggregates
Nimmo and Perkns. 2002). ‘The amount of soil remaining in sieves

with 4.5-, 2-, 1-, 0.5-. and 0,25-mm openings was oven dried and used

to determine the proportion ofsvatet-stable aggregates and compute the

Table 1. Description of the management of three cover crop treatments at Hesston, KS.
Year Cover crop treatment Seedhed preparation Seeding rate Termination date Termination method

—• kg hat
995—1996 1. no cover crop reduced tillaget

-‘

2. hairy vetch terminated earls’ reduced tillage 17 May reduced tillage
1. hairy vetch terminated late reduceti tillage 1 June reduced tillage

I 997-I 998 1. no cover crop reduced tillage
2. hairy vetch terrniiiated hr tillage reduced tillage 22 May retluced tillage
3. hairy vetch terminated bs herbicide reduced tillage 22 May’ herbicide in no-till

1999—2001) 1. no cover crop reduced tillage
--

2. hairy vetch terminated by tillage no-till 28 May reduced tillage
3. hairy veich terminated by herbicide no—till 28 May herbicide in no-till

21)02—2008 1 in cover crop no—till
2, late-maturing soybean no-till 67 Sept. or Oct. herbicide in no-till
. sunn hemp no-till 1) Sept. or Oct. herbicitle in no-till

Seedbed preparation (or sorghum was the same as that indicated in Column 3 (or Treatment 1 and in Column 6 (orTreatmcnts 2 and 3.
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N1\X DA. Aggregates between 0.25 and 8 urn in diameter were elassi
fled as macroaggregates and those <0.25 rum in diameter were classified

as mieroaggnnates (Tisdall and Oades, 1982).

Ihe Proctor p at different levels of soil water content was deter

mined 1w the Proctor rest to assess soil coinpactihility (American Society

for Testing and Materials, 2007). Air-dry soil samples sieved through

2-mm mesh were mixed with water, transferred to the standard Proctor

mold. and carefully compacted in three layers with 25 blows per layer

using the Proctor drop hammer. The amount of water added to the soil

samples in each ease varied from air dry to near saturation. The corn

pacred soil in the Proctor mold was trimmed, weighed. and a subsample

oven dried to determine the gravimerric water content, which seas used

to compute the total dry weight f the compacted soil. The Proctor Ph for
r-aeh .smuunt of water added svas computed be dividing the dry weights

by the Proctor mold volume (in Mg m3). Ihe Proctor p was plotted
against the gravimerric seater content to obtain the compaction curves

for each individual sample. A third-order polynomial curve was fitted to

the data for determining both the Proctor maximum Pb of the soil sample

and the corresponding soil seater content, known as the Proctor critical
water content. The peak of the polynomial curve was selected as the
Proctor maximum Pb- The Proctor critical water content is the soil water
content at which the Proctor Pb reaches a maximum value or the Proctor

maximum Pb- The Proctor tests were performed only for plots receiving 0
-and 66 kg N ha. Proctor maximum Pb will be referred to as ma.eimum

Pb and Proctor critical water content as critical water content.

The ‘cat was determined on the intact soil cores by the constant-head

method (Reynolds et al., 2002). Following Ksat determination, soil cores

were resaturared for 24 h, weighed, drained sequentially at marrie poten
tials ofO, —0.5, —1, —3, --6. —10, —30, —100, and —1500 kPa by pressure
extractors, and the volumetric water content determined at each pressure

head (Dane and Hopmans, 2002). After svater retention measurements,

Ph was determined by the core method (Grossman and Reinsch, 2002).

It is important to restate that, in this experiment, HV was the CC
for three crop cycles during the first 6 yr followed by either SI-I or EMS

during the last 6 yr of the experiment. Thus, it is possible that changes in
soil properties observed at the end of the 15 yr may nor be solely due to
the cover cropping of SH and LMS but rather to the cumulative effect

of l-IV plus either SH or EMS because HV was grown in the same plots

before SH or LMS. Soil properties were nor characterized at the end of
the I—tV ph.sse in 2000: however, any residual effect ofHV is-as expected

to he nrinunal. \Vheat was grown across all plots in the transition year
hrrsvecn 000 and 2002, which possibly reduced airs residual eftect of
I V on soil properties. Furthermore, based on other studies. 11 V mae
Folor on so ct al, 1992; Kaisling et al. 199-4 Villammi et al. 2006 or

may nor (McVsy et at, 1989; Wagger and F)rnton, 1989; Sainlu et al.,
2003 influence soil properties.

Data Analysis
DitDrenees in soil properties and residue amount among tIme CC

treatments and the N application rates were tested usingPROC MIXED

in SAS SA5 Institute, 2011. For the analysis of the data oil penetra

tion resistance-, s-olimrnetric water content. soil temperature, wet iggre
gate stability.;

,

Proctor p1, maximum 01. critical water content. K01,

ii is it r i tent ‘ in I SOt is e i itt r tli lived imors istre

treatment. N application level, and soil depth, svhile the random factors

were replicate arid its interactions with CC treatment and N applica

non level. For the anals 5i5 of the data on cumulative water infiltration,

earthworm population, and CC residue amount, the fixed factor was CC
treatment and the random factor was replicate. Means among treatments

were compared using LSMEANS in PROC MIXED, Before the use of
PROC MIXED, the collected data were rested for normality using the
Shapiro_-Wilk test, and the results showed that the data were normally
distributed except the k data (SAS Institute. 2011). The K,1 values

were logarithmically transformed to normalize the data. use PROC

CORR procedure in SAS seas used to study correlations among the soil
prirperties. Correlations betsvecn the soil physical properties and SOC

concentration were studied for plots tinder both (1 kg N ha and across
the N levels. Correlations at 0 kg N h-a— svere performed to assess the

independent effects of the CCs on the soil physical properties without

any possible confounding etlcts of N application. Statistical differences

were computed at the 0.05 probability level unless otherwise indicated,

RESU ITS
Soil Compaction Properties and Their
Relationships with Organic Carbon

Cover crops and N rates had no cftet on penetration resis
tance but affected other soil compaction properties. Cover crop
x N rate interaction was not significant for any soil property.
Mean penetration resistance across N rates was 0.88 th 0.15 MPa
(mean + SD) for SH, 0.89 + 0.14 MP for LMS, and 0.91 ±
0.08 MPa for plots without CCs at the 0-to 7.5—em depth. Cover
crops affected b in the 0—to 7.5—cm depth, but N rates had no ef
fect. Sunn hemp (1.23 + 0.05 Mg m3) reduced Pb by about 4%,
but LMS (1.24 + 0.07 Mg m3) had no eI+ict relative to plots
without CCs (1.27 ± 0.06 Mg m 3), Differences in p1, between
SR and LMS were not significant.

Both CCs and N rates had significant effects on Proctor Pb’
maximum b’ and critical water content at the 0-to 7.5-cm depth
but not at the 7.5- to 15-cm depth (Fig. I and 2). Cover crops
inliucnced Proctor Ph at 0 kg N ha1 (Fig. 1A) but had no effect
at 66 kg N ha1 at any depth (Fig. 1 C and 1 D). Figure IA shows
that values of Proctor Pb below the critical water content tinder
CCs were 4% lower than in plots without CCs. For soil water
content at or near saturation. Proctor 1mb between plots with and
without CCs did not differ. At 0 kg N- ha maximum tinder
SH .md LMS was ,rhout 5% lower than in plots without CCs
Fig. 2A). Similarly, the critical water content in plots without

CCs was 12% lower than under SI—I and 8% lower than under
LMS )Fig. 2B). At 66 kg N ha’, SI-I and I-MS also tended to
reduce the maximum h (Fig. 2C) and increase the critical was
ter content (Fig. 2D), but differences were nor statistically sig—
nificant. Nitrogen application reduced the maximum Ph from
1.65 Mg m3 at 0 kg N ha1 to 1,62 Mg m at 66 kg N ha1,
hut it had no effct on the critical water content.

Soil compaction parameters were correlated with changes
in SOC concentration. Cover crops and N rates affected SOC
eoneentr.stion at the 0- ro .5-cm depth. hut the CC N rate in
teraction was not signmfie.mt. Averaged across N rates, the SOC
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Fig. 1. Mean Proctor bulk density at (A and B) 0 kg N ha’ and (C and D) 66 kg N ha’ for three cover crop treatments at two soil depths. Error
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to D were not significant.
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concentration was 1.3 times greater under SR and 1.2 times
greater under LMS than in plots without CCs for the 0- to 7.5-
cm depth (Fig. 3A). At the same depth, averaged across CC treat
ments, the Soc concentration increased systematically with an in
crease in the N application rate (Fig. 313). The soc concentration
increased by 1.3 times, from 0 to 100 kg N ha (Fig. 3B). Figure
4A shows that penetration resistance was negatively correlated (r
= —0.51) with SOC concentration at the 0kg N ha1 application
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rate at the 0.09 probability level, suggesting that an increase in
soc concentration may reduce soil compaction. Across the four
N levels, however, penetration resistance was not correlated with
SOC concentration (Fig. 413). While h was not correlated with
SOC concentration at 0kg N hat (Fig. 4C), it was signicantly
correlated across the four N levels (Fig. 4D). decreasing with an

increase in soc concentration.
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Fig. 4. Relationship of soil organic C (SOC) concentration with (A and B) penetration resistance and (C and D) hulk density (p5) at (A and C)
0 kg N ha1 and (B and 0) across four N application rates (0, 33, 66, and 100 kg N ha’) for the 0-to 7,5-cm soil depth.
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Fig. 3. Mean soil organic C concentration under (A) three cover crop treatments and (B) four N application rates at two soil depths. Means with
different lowercase letters within the same soil depth indicate significant differences; ns indicates no signifkant differences among treatments
within the same depth.
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Fig. 3. Relationship of soil organic C (SOC) concentration with maximum bulk density at (A) 0 kg N ha1 and (B) across Lour N application
rates and the relationship of SOC concentration sith critical water content (CWC) at (C) 0 kg N ha’ and D) across four N application rates for
(he 0- to 7.5-cm soil depth.

Soil compactibility as determined by the Proctor test was
more strongly influenced than penetration resistance and Pb by the
CC-induced increase in Soc concentration regardless of N ap
plication level. The maximum Ph was negatively correlated with a
CC-induced increase in SOC concentration at 0 kg N ha
—0.79; Fig. SA) and across N levels (r = -- 0.7’: Fig. 5B Similarly,
the critical water content was strongly and positively correlated
with a CC-induced increase in SOC concentration at 0 kg N ha

= 0.85: Fig. SC) and across N levels (r = 0.82: Fig. SD’). The
lnaaimum decreased whereas the critical water content in
creased linearl with an Increase in SOC concentration.

Aggregate Stability and Its Relationships
with Organic Carbon

Cover cropping improved soil aggregate stability ,Table 2:

Fig. 6), but N rates had no efct on aggregate stability. The CC
depth interaction was significant, indicating that the CC elfect

on aggregate stability depended on soil depth. For the 0-to 7.5-cm
depth, CCs increased the amount of 8- to 4.75-mm aggregates

1.8

by 3.6 times, 2- to 4.75-mm aggregates by 1.8 times, and 0.25- to
0.5-mm aggregates by 1.3 times over plots without CCs (Table 2).
In contrast, the amount of <0,25-mm aggregates in plots without
CCs was greater by 1.2 times in the 0- to 7.5-em depth (T)sble 2).
For the 7.5- to 15-em depth, LMS increased the amount of 2- to
4.75-mm aggregates by 1.5 times over the other treatments. Cover
crops also increased the MWDA b about by 1.8 times in the 0-
to 7.5-em depth (Fig. 6A). For the 5- to 15-cm depth, LMS in
creased the MWDA by about by 1.2 times relative to plots without
CCs (Fig. 6A). The increased aggregate stabilir’c with CCs agrees
with the findings by Villamil er xl. ç2006) but contrasts with those
oFMc\v et al. 1989) and Sainju er al. (2003), who reported no
significant impacts of CCs on aggregate stability. Wet aggregate
stability was strongly correlated with changes in the SOC concen
tration. At 0 kg N ha1, the MWDA was positively correlated (r

OZI: Fig. 6B) with SOC concentration in the 0- to 7.5-cm but
not in the ‘.5- to 15-cm depth (data nor shown). Across the four
N levels, the MWDA was also correlated (r — 0.-tO: Fig. 6C) with
SOC concentration.
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Table 2. Water-stable aggregates for each aggregate size fraction from 8 to <0.25 mm at two soil depths as influenced by cover
crop treatment across four levels of N.

Water-stable aggregates

Means tolimsed by the .anle lcwercase letter ss thin a column and soil

Hydraulic Properties and Their Relationships
with Organic Carbon

Sunn hemp increased water infiltration rates and cuinula
tive infiltration by three times relative to no-CC plots (Fig.
7A). The mean (± SD) steady-state water infiltration rate
was 4.8 ± 2.5 cm h1 for SH, 3.5 ± 2.0 cm h1 for LMS,
and 1.7 ± 1.2 cm h’ for no-CC plots. Differences in steady-
state infiltration rates and cumulative infiltration between the
LMS and no-CC treatments were not, however, significant.
Cumulative infiltration was positively correlated (r = 0.52)
with SOC concentration at the 0.07 probability level (Fig. 7B).
Steady-state infiltration rates were also correlated (r = 0.50) with
SOC concentration at the 0.10 probability level. ‘The increase in
water infiltration with SH was related to earthworm population.
The number of earthworms, mostly Lumbricus terrestris L., was
six times greater in SH plots than in plots without CCs (Fig. 8).

The effect of CCs on K50 was not, however, significant.
Mean geometric (± SD) for the 0- to 7.5-cm soil depth was
1.58 ± 3.43 mm h’ for plots without CCs, 1.05 ± 1.38 mm h-t
for plots under LMS, and 1.35 ± 1.77mm h’ under SH. Data
on Ksat within the same treatment were highly variable. The coef
ficient of variation was 217% for plots with no CCs and 131%
for those with CCs. Similarly, there was no significant impact of
CCs on soil water retention or plant-available water (data not

depth are not statistically difterent.

shown). Correlations of Kat water retention, and plant-avail
able water with SOC concentration were not significant.

Water Content, Temperature, and Cover
Crop Residues

Cover crops affected the field volumetric water content
(Fig. 9A) and soil temperature (Fig. 9B). Soil water content was
greater under CCs than in plots without CCs by an average of
35% at the 0- to 20-cm depth. Soil temperature during the day
was also consistently lower under CCs than in plots without
CCs. On the average, CCs reduced the soil temperature during
our field measurements in early spring by 4°C at the 5-em depth,
2°C at 15 cm, and 1°C lower at 30 cm. As expected, the volu
metric water content was highly correlated with soil temperature
(Fig. 9C). Differences in soil temperature explained about 62%
of the variability in water content in the 0- to 15-em soil depth.

The amount of residue produced between SH and LMS dif
fered signifieantly The CC vs. N rate interaction for residues ‘as
not significant. Averaged across the three previous rotation cycles
and N rates, SR returned more residues than LMS. Sunn hemp

produced 7.02 + 2,2 Mgha’ of residues while LMS produced
5.32 ± 2.4 Mg ha1, indicating that SR returned about 32%
more residues than LMS.

Treatment 8—4.75 mm 4.75—2 mm 2—I mm 1—0.5 mm 0.5—0.25 mm <0.25 mm
—

0- to p.3cm depth
Nocoserop tsht 2-tb 3’a 81 a 115 h 728a
I ate-niaturing soybean 56 a 44 a 42 a 85 a 118 a 615 h
Sunn hemp 52 a 41 a 46a 93 a 149 a 612 h

-to15-c4rdeth
No cover crop 3 a 11 b 39 a 102 a 172 a 670 a
tate-maturing soybean 9 a 24 a 54 a 104 a 170 a 641 a
Sunn_hemp S a (8 b 42 a 98 a 169 a (60 a
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Fig. 6. Mean weight diameter of aggregates (MWDA) (A) under cover crop treatments and its relationships with soil organi. C at (8) 0 kg N ha
and (C) across four N application rates (0, 33, 66, and 100 kg N ha1) for the 0-to 7.5-cm soil depth. Bars with different lowercase letters within
the same soil depth indicate significant differences.
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Fig. 9. Cover crop effects on A field volumetric water content, (B) soil temperature, and (C) the relationship between field volumetric water
content and soil temperature across four N application rates (0, 33, 66, and 100 kg N ha1) and two soil depths. Error bars are ISD values to
compare cover crop treatment differences within the same soil depth. Data on field volumetric water content and soil temperature were collected
in late April 2010.
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The lower p, Proctor Ph’ and maximum h’ combined with
the greater critical water content near the soil surface indicate
that CCs reduced thc near-surce soil’s susceptibility to com
paction. Although the application of N appeared to offset the
benefits of CCs for reducing the maximum Pb (Fig. ic) and
increasing the critical water content at which the maximum
occurs (Fig. 1D), the results suggest that the addition ofCCs to
no-till systems may be a strategy to manage the risks of excessive
soil compaction near the soil surfisce. ‘While there were no dif
ferences in penetration resistance, the data on Pb and Proctor Pb
suggest that CCs may reduce some risks of soil compaction. The

reduced soil compactibility only at and below the critical water
content (Fig. 1A) indicates that the beneficial effects of CCs for
reducing compaction diminish when the soil is near saturation.
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Fig. 8. Cover crop effects on earthworm counts. Means with different
lowercase letters indicate significant differences.
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Furthermore, data on the critical water content at which
maximum Pb occurs (Fig. 2B) suggest that soils under CCs can
be trafficked at greater soil water contents without causing com
paction than soils without CCs. Increased SOC concentration

with CCs was partly responsible for the slight reduction in the
soil susceptibility near the surface to compaction under CCs. It
is worthwhile to note that while the Proctor P[ is determined on
disturbed soil samples. it provides important information on the
relative differences in maximum or extreme soil compactihilirv
among CC treatments. The Proctor test also allows the deter
mination of the soil water content at which relative extreme soil
compaction occurs.

While tillage (Thomas et al., 1996; Diaz-Zorita and Grosso,
2000; Blanco-Canqui et il., 2009) and cropping (Davidson cr
aL 1967; Blanco-Canqui et al., 2010) system impacts on soil
compactibility using the Proctor test have been reported, the
specific implications of the usc of CCs on soil compactibility
have not been studied. Our rcsults, particularly those from the
Proctor test (Fig. 1, 2, and 5), suggest that the inclusion of CCs
can enhance the potential of no-till systems for reducing soil
compactibility. Thomas et al. (1996) and Blanco-Canqui et al
(2009) reported that soil compactibilitv under no—till soils was

losvcr than under conventionally tilled sods.
Similaris the near-surface increase in the proportion ofmac

roaggregates and the reduction in the proportion of microaggre
gates under CCs suggest that addition of CCs to no-till systems
can result in reduced soil detachment and erosion, and improved
soil structural and water transmission characteristics. The positive
correlation between SOC concentration and aggregate stability
(Fig. 6C) suggests that SOC has a significant impact on the for
mation and stabilization of soil aggregates and thus soil structural
development. Cover crops not only reduced the risks of excessive
soil compaction, improved aggregate stability, and increased the
SOC concentration but also increased water infiltration. The sig
nificant increase in water infiltration under SR can be important
for managing rain or irrigation water in this soil. Figure 7A indi
cates that only about 6 cm of water would have infiltrated into
the soil in 3 h had we not added SR to this no-till soil. Adding
SR increased the cumulative water infiltration by about 10 cm.
This additional amount of water infiltrated could have been lost
as runoff if SR had not been in place. The positive correlation be
twccn cumulative infiltration and SOC concentration suggested
that SOC improved soil attribute’ soil porosity and aggrega
tion that affect water infiltration. The-abundant earthworms un
der SR probably developed more water-conducting maeroporcs
e.g.. burrows -. improving soil structure and increasing water in

filtration Willoughby and Kladivko, 2002.

The lack of significant differences in K and the significant
differences in steady-state inhltration between SR and plots
without CCs ma be partly attributed to the differences in soil
sample size. Soil cores (7.5 h Th5 cm used for the Kat and water
retention measurements mdv be too small, unlike the ring infil
trorricters, to overcome the high variability in K5< Field tech
niques and the use of large samples may be preferable to detect

treatment effects onKsu. Published dataon SR and LMS impacts
on K and water retention arc unavailable to compare with the
results from this study. Data from other CCs have shcm’n mixed
results. The and water retention may (Keisling ct al.. 199—i:
Villansil et al., 2006) or may not (\Xhggcr and Dcnton, 1989:
Carofet al., 2007—) be affected by CCs, depending on the length
of management, CC type, soil type, and climate,

The greater amount of residue returned from SI—I than
from I-MS mat’ explain the more beneficial impacts of SR on

water infiltration, and earthworm population compared svith
L\1S. Increased residue input under SR probably protected the
soil surface better from the direct impact of raindrops. thereby
reducing soil consolidation and surface sealing while increas
ing water infiltration (Kladivko, 1994). The greater number of
earthworms under SR relative to LMS may be due to the greater
concentration offood and more favorable habitat under SR resi
dues. Late-maturing soybean was, however, just as effective as SH
in reducing the maximum Pb and soil temperature and increasing
the critical water content, wet aggregate stability, SOC concen
tration, and field volumetric water content. Values of Pb’ water
infiltration, and earthsvorm population under LMS were inter
mediate between SR and the no-CC plots.

The greater field volumetric water content and lower soil
temperature under both CCs indicate that additional residue
input from CCs probably reduced evaporation and maintained
soil water content tinder CCs compared with plots without CCs.
The influence of a residue mulch cover on soil water dynamics
and soil thermal processes is widely recognized (Kladivko, 1994;
Dabney et al., 2001). Residue mulch insulates the soil and buf
fers the abrupt fluctuations of soil temperature with a magnitude
depending on the quantity and quality of the residue left on the
soil surface (Kladivko, 1994). The greater water infiltration and
field volumetric water content under CCs, particularly SH, in
dicate that cover cropping influenced soil—water relationships.
Cover crops probably impacted soil—water relationships through
two opposite processes. Whereas growing CCs used water and re
duced soil water storage due to evapotranspiration, residues from
the CCs left on the soil surface after termination conserved soil
water by reducing evaporation (Dabney, 1998;Joyce etal., 2002;
Kahimbaet ai., 2008; Qi and Helmcrs, 2010). Growing CCs may
have also contributed to water capture by reducing runoff and
Increasing the opportunity time for rain infiltration (Reicoskv
and Forcclla. I 998-. The literature shows that, in regions with
relatively high precipitation >500 rum vr , CCs can readily
replenish the water consumed during growth by reducing runoff
losses and incrcasingwater infiltration (Dahnev. 1998; Luger and
Vigil, 1998; [ovce et all., 2002, In regions with low precipitation
<500 mm vr l), however, CCs may reduce the ,svailahle water

for the subsequent crop in spite of increasing water infiltration
and improving soil properties (Schlegel ,snd Havlin, 199Th Lngcr
and Vigil, 1998: Reicoskv and Forcella, 1998).

The significant improvement of soil physical properties and
the increase in SOC concentration in the 0- to 7.5- but not the
7.5 to 15-cm depth is attributed to the accumulation of CC
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residues on the soil surface, which is typical under no-till condi
tions. Diffrences in residue quality may also have contributed
to diffirential impacts of SR and LMS on soil properties. Sunn
hemp residues arc coarser and heavier than soybean residues and
can remain undecomposed for a greater length of time on the soil
surface, providing longer soil surface protection. Furthermore,
for the same experiment, Claassen (2009) reported that SR
residues contained 23] g kg of N while LMS residues had
31,1 g kg of N, suggesting that SR residues may decompose at
slower rate than LMS residues due to lower N content.

SUMMARY AND CONCLUSIONS
The addition of CCs enhanced no-till performance by im

proving near-surface soil physical and hydraulic properties and
increasing the SOC concentration in an Argiustoll in south-cen
tral Kansas. The findings, in general, supported our hypothesis,
which stated that ccs significantly impacted soil physical prop
erties and their relationships with soc concentration. Across N
rates, CCs reduced Pb and increased wet aggregate stability and
soc concentration relative to plots without CC5. The effect of
the CCs was, however, significant primarily in the 0- to 7.5-cm
depth and only slightly in the 7.5- to 15-em depth. cover crops
reduced the maximum Pb and increased the critical water content
at 0 kg N ha”1 in the 0- to 7.5-cm depth, but they did not affect
the Proctor parameters at 66 kg N ha”'1 for the same soil depth.

Sunn hemp increased water infiltration and the earthworm
population, but differences in these parameters between LMS
and no-CC plots were not significant. The greater impacts of SH
may be attributed to the greater amount of residue produced by
SR than by LMS. Both ccs increased the soil water content and
reduced the soil temperature during springtime over plots with
out cCs. The application of N at 0, 33, 66, and 100 kg N ha’
had smaller effects on soil properties than ccs. An increase in
the N application rate, however, linearly increased the soc
concentration. A cc-induced increase in soc concentration
reduced penetration resistance, Pb’ and maximum Pb’ while it

increased aggregate stability and cumulative water infiltration.
While the effect of ccs on compaction parameters, wet aggre
gate stability, and soc concentration was confined to the 0- to
7.5-em depth, the SR-induced increase in water infiltration sug
gests that the whole soil is affected, depending on the cc type.

Results from this study suggest that ccs may ameliorate
some risks of excessive near-surface soil compaction and improve
soil structure in no-till systems. They also suggest that ccs, par
ticularly SR. may reduce runoff and soil loss by increasing water
infiltration. Cover crops may change soil physical properties by
increasing the soc concentration. cover crops appear to have
more beneficial impacts on soil physical properties at 0kg N ha”1
than at higher N rates or when averaged across the four N rates,
suggesting that N fertilization may partly diminish the benefits
from ccs.

The results from this work after 15 yr of cc management
have important implications for the long-term use of cover crops.
They suggest that no-till farming should be combined or inte

grated with CCs to enhance the potential of no-till technology
for improving soil physical properties, increasing the earthworm
population, and enhancing SOC storage. Cover crops may be
particularly beneficial for no-till rotations with limited or no an
nual biomass input or in systems where crop residues are removed
for off-farm uses. More specific research on the contributions of
CCs for offsetting the adverse effects of crop residue removal on
soil and the environment is warranted. Because, in regions with
low precipitation (<500 mm yr”), growing CCs may reduce
plant-available water for the main crops, management strategies,
such as early termination of CCs, that minimize reductions in
plant-available water should also be further researched.
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